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HUMAN GENOME EPIDEMIOLOGY (HUGE) REVIEWS

Glutathione S-Transferase Polymorphisms and Colorectal Cancer: A HUGE
Review

8. C. Cotton, L. Sharp, J. Little, and N. Brockton

The genes glutathione S-ransferase M1 (GSTMY) (chromosome 1p13.3) and glutathiona S-ransterase T1
(GSTT1) (22q11.2) code for cytosolic enzymes glutathione S-transferase {@8T)-p and GST-8, respectively, which
are involved in phase 2 metabolism. Bolh genes may be deleted, There is geographic and ethnic variation in
genotype frequencies for both genes. in developed countries, colorectal cancer is the second most common caricer.
Colorectal cancer has been inconsistently associated with polycyclic aromalic hydrocarbons in diet and fobacco.
Because GST enzymas are involved In polycyclic aromatic hydrocarbon metabolism, it has heen postulated that
genotype may modify colorectal cancer risk associated with polycyclic aromatic hydrocarbon exposure. No
consistent associations between GSTM1 or GSTTT genotype and colorecial cancer have been observed, However,
most studies have methodological limitations, Few have investigated gene-environment interactions. No interactions
between GSTM1T or GSTT1 genotype and smoking and colorectal cancer risk have been reported. One polyp study
suggests an interaction between GSTM1 genotype and smoking. Two studies suggest increased disease risk in

subjects with high meat intake and GST nonnull genotype, contrary to the underlying hypothasis. One sludy
suggests a strong inverse relation between colorectal adenomas and broccoli consumption, particularly in subjects
who are GSTMT null. These finding require confirmation. Methods for determining GSTM? and GSTT1 genolype

are well established. Population testing s not currently justified. Am J Epidemiol 2000;151:7-32,

colorectal neoplasms; epidemiclogy; glutathione transferase; GSTMT; GSTTY

GENE

Four glutathione S-transferase (GST) isoenzyme
classes have been identified—a, t, %, and 6 (1). Here
we consider the (wo types most investigated in relation
to colorectal cancer—GST-|L and GST-0. These are
summarized in table 1,

The glutathione S-transferase MI (GSTMI) and
glutathione S-transferase T/ (GSTTI) genes code for
the cytosolic enzymes GST-| and GST-8 respectively.
These enzymes are involved in the conjugation reac-
tions in phase 2 metabolism of xenobiotics (1), cat-
alyzing reactions between glutathione and a variety of
electrophilic compounds (2). It is thought that most
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GST substrates are xenobiotics or products of oxida-
tive stress, including some environmental carcino-
gens (1), In particular, the enzymes detoxify the car-
cinogenic polycyclic aromatic hydrocarbons present
in diet and tobacco smoke (3). They also conjugate
isothiocyanates, which are potent inducers of
enzymes that detoxify environmental mutagens (4), to
glutathione, thereby diverting the isothiocyanates
from the enzyme induction pathway to excretion (5).
It has been postulated that the GST enzymes and the
genes encoding these may be involved in susceptibil-
ity to cancer (6).

The genes coding for the enzymes GST-\L and GST-8
are polymorphic, There are three alleles at the GSTM/
locus, lacated on chromosome 1p13.3: GSTM! null—
a deletion, GSTMIa, and GSTMIb (6). GSTMIaand b
differ by a substitution in one base pair. There is no
evidence of functional differences between them (6).
The GSTTI locus is located on chromosome 22q11.2
and is, in some instances, deleted (6). For hoth
GSTM1 and GSTT1, the hypothesized consequence of
the null genotype is reduced conjugation activity or no
conjugation activity. Fvidence is lacking on whether
heterozygosity in either GSTM! or GSTTI affects
gene function.
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TABLE 1. Glutathione S-transferase polymorphisms*
Hypothesized
Gene Chrumo_some Known ISDQHZWI"BS Functien cansequence of
location alleles coded for muli ganolype
GSTMT 1p13.3 Null GSTu Phase 2 metabolism of Reduced or no
G8TMIat xXenobiatics conjugation activity
GSTM1bt
GSTTi 22q11.2 MNutl GST-0 Phase 2 metabolisr of Reduced orno
Prasent xenobiotics conjugation activity

* The subfamilies GETA and GSTP that code for the isoenzymes GST-« and GST-n also exist, but are not

considerad in this revigw.

t These two alleles differ by anly one base pair. There is no evidence of functional differences betweaen them,

GENE VARIANTS

We searched MEDLINE and EMBASE using the
Medical Subjects Headings in Index Medicus heading
“glutathione transferase” and the text words “GST” and
“glutathione S-transferase” for papers published
between 1993 and 1998. We also searched the Centers
for Disease Control and Prevention Office of Genetics
and Disease Prevention Medical Literature Search and
reviewed reference lists in published articies, We identi-
fied relevant papers and critically appraised them, This
section includes stirdies that reported genotype frequen-
cies in a variety of groups of individuals who did not
have cancer.

The frequency of individuals who are homozygous
for the GSTM 1 null genotype is summarized in table 2
(7-78), and those homozygous for the GSTT! null geno-
type are summarized in table 3 (8, 10, 11, 14, 29, 32,
35-37, 39, 47-49, 51-53, 55, 58, 59, 63, 65, 68, 73-75,
71, 78, 80-85). Many of the series were control groups
in case-coentrol studies of cancer. However, few could be
described as truly population based; therefore, selection
or participation biases may account for some of the vari-
ation between studies. Some of the studies have small
numbers of participants. It is not always easy to estab-
lish ethnicity, nor is it necessarily sufficient to simply
categorize individuals as belonging to one of the major
ethnic groups (86); this limits the generalizability from,
for example, one “white” population to another,

GSTM1

In African populations, the frequency of the GSTM/
null genotype ranges from 23 to 48 percent; in Asian
popuiations, from 33 to 63 percent; and in European
populations, from 39 to 62 percent.

Published data from the Americas relate only to
studies carried out in the United States; the range of
reported frequencies is 23-62 percent. In African
Americans and Blacks, the range is 23-41 percent, and
in whites, it is 35~62 percent. In the two studies of sub-
jects of Asian origin, the range was 32-53 percent, and

in the three studies that included Hispanic/Mexican-
American subjects, the range was 40-53 percent.

In two Australian series, the frequency is 51-54 per-
cent. The highest frequencies have been reported in
studies involving small numbers of subjects from paris
of the South Pacific—64-100 percent (13). These
studies differed from the others in that Southern blot
analysis rather than polymerase chain reaction
methodology was used,

GSTT1

The range of frequencies of the GSTT! null geno-
type is 16-64 percent in Asia, with frequencies of 44
percent or higher being reported in China, Japan,
Korea, and the Singapore Chinese. Thus, in some
Asian populations, it has been suggested that the fre-
quency of GSTT/ null deletions is similar to that of
GSTMI null. However, in African, African-American,
and white populations, the frequencies of GSTTT null
are lower than those of GSTM/ null. The range of fre-
quencies in three African series is 15-26 percent, and
in Europe, it is 10-21 percent. As was the case for
GSTMI, data from the Americas relate only to the
United States, where the range of frequencies is 10-36
percent. In whites, the range is 15-27 percent; in
African Americans and Blacks, it is 22-29 percent;
and in Mexican Americans, based on two studies, it is
10-12 percent. No data on Asian subjects in the United
States are available, In three groups in Australia, the
frequency of GSTTY null ranged from 9 to 19 percent,

Concordance between genotype and phenotype

Individuals lacking GST-K or GST- activity can be
identified by using phenotypic assays that classify
individuals as active or inactive on the basis of a
bimodal distribution. Use of polymerase chain reaction
methodology indicates the presence or absence of the
GSTM1 or GSTT! alleles. Several studies have inves-
tigated concordance between genotype and phenotype;
this can be a means of determining whether the appro-

Am J Epidemiol Vol. 151, No. 1, 2000

il

b
Fom
I

w‘ba




Glutathione &-Transferase and Colorectal Cancer 9

priate section of DNA coding for the particular pheno-
type has been identified.

Four studies in Enrope and one in the United States
have demonstrated concordances between GSTMI
genotype and GST-y phenotype of 94 percent or
greater {26, 33, 87-89). However, in one study in
which genotype and phenotypic status were compared
in 63 healthy Zimbabwean volunteers, concordance
was lower, at 84 percent (90), This may have been due
to the presence of 1) other mutations that affect protein
expression, 2) compounds in the diet that may affect
protein levels, or 3) mutations in the regions of the
gene that bind to the primers during the polymerase
chain reactions but that do not affect enzyme activity
(90). Genotyping methods developed in populations of
European origin may slightly underestimate the pro-
portion of African populations with the GSTMI null
genotype (90).

In two small studies (82, 91) and one larger one (83)
in northern Turopean populations, concordance
between GSTT! genotype and conjugator status (phe-
notype) in excess of 95 percent was found.

DISEASE

Worldwide in 1996, there were an estimated 875,000
new cases of colorectal cancer (92). There is substan-
tial geographic variation in incidence (figure 1) (93).
Epidemiologic evidence suggests that much of the
geographic variation reflects variations in environ-
mental or lifestyle exposures, perhaps acting with vari-
ations in genetic factors. In developed countries, colo-
rectal cancer is the second most common cancer, and
in developing countries, it ranks sixth most common in
men and fifth in women (94). In developed couniries,
the age-standardized rates (30-47 per 100,000 in men
and 2431 per 100,000 in women) are typically about
four times higher than those in some developing coun-
tries (rates below 10 per 100,000 for both sexes) (93).
The incidence of colorectal cancer is rising in most
populations (95).

In most populations, cancer of the colon is more
commion than that of the rectum (93). The male:female
ratio Tor colon cancer is approximalely unity, and that
for rectal cancer is 1.5 or greater (93). The incidence of
colorectal cancer increases with age (93).

After exclusion of familial adenomatous polyposis
or hereditary nonpolyposis colorectal cancer, the risks
of colorectal cancer to first-degree relatives of index
patients with the discase is about twice that of the gen-
eral population (96, 97). The genetic basis of this
familial aggregation has not yet been characterized.

Colotrectal adenomatous polyps are thought to be
precursors of colorectal cancer. While there is no direct
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evidence in support of the adenoma-carcinoma
sequence, there is considerable indirect evidence from
a range of epidemiologic, histopathologic, and molec-
ular genetic studies (98).

Exposure of meats to pyrolysis temperatures pro-
duces heterocyclic amines and polycyclic aromatic
hydrocarbons (99, 100), The World Cancer Research
Fund/American Institute of Cancer Research panel
recently concluded that consumption of red meat
“probably” increases and intake of heavily cooked
meats “possibly” increases the risk of colorectal cancer
(101). In some studies, elevated risks of colorectal can-
cer have been associated with consumption of broiled
or grilled meats and browning of the meat surface
(102, 103), In a recent study, an increase in risk asso-
ciated with higher levels of both a white meat and an
overall meat mutagen incdex in men was found (104).
However, in other studies, no association with con-
sumption of broiled or grilled meats or browning of the
meat surface was observed (105, 106).

High intake of alcohol may be associated with
increased risk of colorectal lesions (98). With regard to
dietary factors that may be protective, the World
Cancer Research Fund/American Institute of Cancer
Research panel concluded that there is “convincing”
evidence that the consumption of vegetables decreases
the risk of colon cancer and “possible” evidence that
the consumption of nonstarch polysaccharides/fiber,
starch, and carotenoids does so (101). In eight of 12
studies of colon cancer and all five studies of rectal
cancer, high levels of consumption of cruciferous veg-
etables were associated with decreased risks (101).
Cruciferous vegetables may have anticarcinogenic
properties, since they contain isothiocyanates that
induce enzymes that detoxify environmental mutagens
4, 5).

In addition to diet, the other major environmental
source of exposure to polycyclic aromatic hydrocarbons
is tobacco smoke, Most studies show a positive associ-
ation between smoking and colorectal adenomas, but
the association between smoking and colorectal cancer
is less clear (E07). However, in four recent, large cohort
studies, smoking has been associated with colorectal
cancer after a long latent period (108-111),

There is consistent evidence from observational
studies that higher levels of physical activity are asso-
ciated with a reduced risk of colon cancer (112),

While the evidence from observational studies sug-
gests that regular use of aspirin or other nonsteroidal,
anti-inflammatory drugs reduces the risk of colorectal
cancer, no protective effect was found in the interven-
tion trial in which US male physicians were given 325
mg aspirin on alternate days or a placebo for, on aver-
age, 5 years (113).
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ASSOCIATIONS

The studies appraised in this section were identified
by using the search strategy described earfier, with the
addition of Medical Subject Headings in Index
Medicus headings and text words relevant to colorec-
tal cancer or polyps.

GSTM1 and colorectal cancer

The eight available case-control studies of GSTM!
and colorectal cancer (14, 23, 49, 54, 58, 69, 77, 78)
and one of colorectal adenomas (114) are summarized
in table 4 and discussed below in order of publication.
In four of the studies (14, 58, 69, 114), exposure to
environmental and lifestyle factors was assessed; this
is discussed in the Interactions section of this paper.

The results of the colorectal cancer studies are
inconsistent: Three suggested no association (49, 58,
77, three suggested a slightly lower risk in those with
the GSTM/ null genotype (23, 69, 78), and two, an
increased risk associated with this genotype (14, 54).
The study of colorectal adenomas suggests a slightly
lower risk in those with GSTMJ null genotype (114).

In the first reported study of colorectal cancer and
GSTMI, Zhong et al. (54) found a significantly raised
relative risk associated with the GSTM/ null genotype
among 196 cases from an Edinburgh hospital and 225
controls from Sheffield, Edinburgh, and Potters Bar
(relative risk (RR) = 1.8, 95 percent confidence inter-
val (CI): 1.2, 2.6). This is the only study in which a sta-
tistically significant association was observed, The
risk was especially elevated for those with a proximal
tumor (RR = 3.4, 95 percent CI: 1.9, 6.0).

Chenevix-Trench et al. (78) investigated 132
patients with colorectal adenocarcinoma and 200 con-
frols in Australia. Of the controls, 100 were “unse-
lected,” and no further information on them was pre-
sented; the remainder were geriatric patients without
cancer or a family history of cancer, The relative risk
of colorectal cancer associated with the GSTMT nuli
genotype was 0.9 (95 percent CL: 0.6, 1.4). When the
analysis was restricted to cases with a proximal tumor,
the RR was also 0.9 (95 percent CL: 0.4, 1.8). The pro-
portions of cases aged less than 70 and over 70 years
who were GSTM I null were not significantly different,
The authors acknowledge that their study had fewer
cases, a smaller proportion of cases with proximal
tumors, and a higher proportion of controls who car-
ried the null genotype than did the study by Zhong et
al. (54), and, hence, there may have been inadequate
statistical power to detect a relation of the type
observed in the earlier study.

In a Japanese study of 103 consecutive colorectal
adenocarcinoma patients and 126 subjects with no gas-

Am J Epidemiol Vol. 151, No. 1, 2000

trointestinal symptoms or current or previous diagno-
sis of cancer who visited local medical clinics for reg-
ular medical checkups, an RR of 1.5 (95 percent ClL:
0.9, 2.6) associated with the GSTM! null genotype was
observed (14). For proximal cases, the RR was [.2 (95
percent CI: (1.6, 2.3), and for distal cases, it was 2.0 (95
percent CI: 1.0, 3.9).

In another study in the United Kingdom of 252 colo-
rectal cancer patients and 577 patients without malig-
nancy or inflammatory pathologies recruited through
the same hospital, Deakin et al. (49) found an RR of 1.0
(95 percent CI: 0.7, 1.3) associated with the GSTM I null
genolype. For tumoys of the right colon, the RR was 0.8
(95 percent Cl: 0.5, 1.2); for those of the left colon, it
was 1.1 (95 percent CT: 0.6, 1.8); and for those of the
rectum, it was 1.2 (95 percent CI: 0.8, L.8).

In a study reported only in abstract form, Butler et al.
(77) compated the frequency of GSTMI genotypes
between 219 white adults with sporadic colorectal can-
cer and 200 white blood donors in Australia. The rela-
tive risk of colorectal cancer associated with the GSTM{
null genotype was 1.0 (95 percent CL: 0.7, 1.4).

Gertig et al. (58) conducted a case-control study
nested within the Physicians’ Health Study in the
United States. A total of 212 men with colorectal can-
cer were maiched on year of birth and smoking history
to men without colorectal cancer, An RR of 1.0 (95
percent CL: 007, 1.5) was associated with the GSTM
null genotype {adjusted for body mass index, physical
activity, and alcohol use). The RRs were not substan-
tially different when the analysis was stratified by age
(260 years, »60 years). For proximal cancer, the
adjusted RR was 0.7 (95 percent CI: 0.4, 1.3), and for
distal cancer, it was 1.4 (95 percent CI: 0.8, 2.3).

Lee et al. (23) investigated the frequency of GSTM ]
polymorphisms among Chinese subjects resident in
Singapore, A total of 300 cases of colorectal carcinoma
were compared with 183 patients without history of
neoplasms recruited from a Clinical Chemistry
Department. The RR associated with the GSTM/ null
genotype was 0.8 (95 percent CL: 0.5, 1.1). For tumors
of the right side, the RR was 1.2 (95 percent CI: 0.6,
2.3); for those of the left side, it was 1.0 (95 percent
CL 0.5, 2.1), and for rectosigmoid tumors, it was 0.7
(95 percent CL: 0.5, 1.0). In individuals with poorly
differentiated tumors, the frequency of the null geno-
type was 07 percenl, in moderately differentiated
tumors, it was 41 percent; and in well-differentiated
tumeors, it was 43 percent.

In a large, multicenter case-control study in the
United States, Slattery et al. (69) compared 1,567
cases and 1,889 controls randomly selected from med-
ical care program lists, driver’s license lists, and Social
Security lists and by random digit dialing. The crude
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FIGURE 1. World age-standardized incidence rates {per 100,00 paople) for coloractal cancer from selacted population-based cancer registrios

for the period 1988-1992),

RR of colon cancer associated with the GSTM [ null
genotype for men and women combined was 0.9 (95
percent CI: 0.8, 1.1). When the analysis was stratified
by age (<67 years, 267 years), the relative risks were
not substantially different. When proximal and distal
tumors were considered separately, the crude RRs for
both genders combined associated with the GSTM/
null genotype were 1.0 (95 percent CI: 0.8, 1.1) and
0.9 (95 percent CL: 0.8, 1.1) respectively,

In the one study of colorectal adenomatous polyps,
from the United States (114), 446 cases were matched
with 488 controls who did not have colorectal adeno-
mas on sex, age, date of sigmoidoscopy, and center.
The RR associated with the GSTM/ null genotype was
0.9 (95 percent CI: 0.7, 1.1) (adjusted for the matching
factors). When the analysis was stratified by ethnic
group, the RR for whites was 1.0 (95 percent CL: 0.7,
1.4}, that for Hispanics (not Blacks) was 0.8 (95 per-
cent CL: 0.4, 1.7), that for Blacks was 0.6 (95 percent
CL 0.3, 1.4), and that for Asians and Pacific Islanders
was 0.4 (95 percent CI; 0.2, 1.1). Cases and controls
were identified after sigmoidoscopy. Only the left

Am J Epidemiol  Vol. 151, No. 1, 2000

colon is accessible to sigmoidoscopy, so it is possible
that some controls harbored tumors in the rest of their
colon. The effect of this would be to bias the relalive
risks toward the null.

GSTT1 and colorectal cancer

Six of the studies described above also reported
GSTT! genotype (table 5) (14, 23, 49, 58,77, 78). Two
assessed exposure and are discussed in the Interactions
section of this paper (14, 58).

The results of these studies are inconsistent. In two
studies (49, 77), the GSTT/ null genotype was associ-
ated with a statistically significant increase in the risk
of colorectal cancer, while in the other four, no note-
worthy associations were apparent.

Chenevix-Trench et al. (78) reported an RR for colo-
rectal cancer of 0.9 (95 percent CI: 0.4, 1.7) associated
with the GSTT! null genotype when the unselected and
the geriatric controls were considered together.
However, when the analysis was repeated using the
different control groups separately, the RRs were (.7
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* 38TT1, glutathione S-iransferase T7 gene; RR, relative risk; Cl, confidence interval; UK, United Kingdons.

+ The frequency of GSTT 1 null individuals was similar in cases and controls.
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(95 percent CL: 0.3, 1.4) for unselected controls and
1.5 (95 percent CI: 0.6, 4.3) for geriatric controls. This
reflects the different proportions of individuals carry-
ing the GSTTI null genotype in each of the control
groups (19 percent in the unselected confrols and 9
percent in the geriatric controls) and illustrates the
potential for selection bias to distort associations
between chronic diseases and genetic polymorphisms,
With the unselected and geriatric control groups com-
bined, the RRs associated with the GSTT! null geno-
type were (0.4 (95 percent CI: 0.0, 1.5) for proximal
tumors and 1.0 (95 percent CI: 0.5, 2.1) for distal
tumors. In those cases who were diagnosed before age
70 years, 21 percent were homozygous for the GSTT/
null genotype, and in those diagnosed at age 70 or
older, 7 percent carried this genotype.

Deakin et al. (49) reported an RR of 1.9 (95 percent
CI: 1.3, 2.7) associated with null genotype. They found
increased relative risks for each of the tumor subsites
reported: for right-sided tumors, RR = 1.5 (95 percent
CI: 0.8, 2.7); for left-sided tamors, RR = 2,3 (95 per-
cent CI: 1,3, 4.2); and for tumors of the rectum, RR =
1.9 (95 percent CI: 1.1, 3.2).

Katoh et al. (14) found an RR of 1.2 (95 percent Cl:
0.7, 2.0) for colorectal cancer, and Butler et al. (77)
reported an RR of 3.4 (95 percent CI: 2.1, 5.4) associ-
ated with the GSTTI null genotype. Neither of thesc
studies presented relative risks in relation to tumor
subsite.

Gertig et al. (58) reported an RR of colorectal can-
cer associated with the GSTT7 null genotype of 0.8 (95
percent CL: 0.5, 1.2), adjusted for body mass index,
physical activity, and alcohol use. For proximal
tumors, the adjusted RR was 0.9 (95 percent CL: 0.5,
1.7), and for distal tumors, it was 0.6 (95 percent CI:
0.3, 1.2). In men aged less than 60 years, the RR asso-
ciated with GSTTI null genotype was 0.5 (95 percent
CI: 0.2, 1.0, and in those aged 60 years or older, it was
0.9 (95 percent CI: 0.5, 1.7). It is not clear whether the
age-stratified relative risks were adjusted.

Lee et al. (23) stated that the frequency of the
GSTTI null genotype was similar in both cases and
controls and that tumor histology had no effect on the
frequency of the null genotype. However, insufficient
information was presented for a relative risk to be
calculated.

Comment on the studies on GSTMT and GSTT1
and colorectal cancer

It is difficult to assess how far selection and partici-
pation biases may account for the inconsistencies in
the results. Most studies involved hospital-based case
series, and most of the control groups were not popu-
lation based. This has implications for the generaliz-
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ability of the study results. The potential problems. of
selecting controls who do not represent the population
from which cases arose is demonstrated by the diver-
gence in relative risks obtained for the GSTT! null
genotype when the different control groups were ana-
lyzed in the study by Chenevix-Trench et al. (78).
Most of the studies were not large; five included fewer
than 250 cases. The smaller studies are likely to have
limited statistical power, particularly for subgroup
analyses. Two of the studies were undertaken in Asian
populations; the others were in predominantly white
populations. There is little information available for
other ethnic groups. It is unclear whether any of the
established risk factors for colorectal cancer are asso-
ciated with the GSTM! or GSTTT genotype. The stud-
ies made little attempt to adjust for potential con-
founders.

The findings of these studies require confirmation in
other populations, :

GSTM1 and other cancers

In a recent review, Rebbeck (6) suggests that there
is evidence from case-control studies that GSTMT is
involved in the etiology of both lung and bladder can-
cers, although not all studies have shown this, While
some studies of other cancer sites have shown an
association with GSTM 1, these findings have not been
confirmed.

GSTTT? and other cancers

There have been fewer case-control studies of
GSTT]. Statistically significant associations have been
reported for astrocytoma, meningioma, and inyelodys-
plasia, but these have not been confirmed (6),

INTERACTIONS

Because the GST enzymes have detoxifying activ-
ity, it would be expected that, rather than affecting the
risk of cancer per se, they would modify risk in rela-
tion to exposure to potential carcinogens. The
enzymes play a major role in the detoxification of
polycyclic aromatic hydrocarbons found in tobacco
smoke and in cooked and processed meats, In four
studies of colorectal iesions and GSTM1 (14, 58, 69,
114) and two of GSTT? (14, 58), exposure to tobacco
smoke was considered. Meat consumption was con-
sidered in relation to GSTM] in two studies (58, 104)
and in relation to GS7TT7 in one (38). Consumption of
broceoli; the richest source of isothiocyanates . that
induce enzymes that detoxify environmental muta-
£ens, was considered in a study of GSTM7 and colo-
rectal adenomas (5). Three studies have considered

GST gene-gene interactions and colorectal cancey
(23, 58, 69).

The limited statistical power of small studies to
detect associations between genotype and disease is
particularly important with regard to effect modifica.
tion. To give adequate statistical power to detect a mul-
tiplicative interaction, very large sample sizes (in some
circumstances, thousands of cases) may be required
(115).

GSTM1 and smoking

Litile evidence of interaction between GSTM ] EENo-

Lype, tobacco exposure, and colorectal cancer was |
found in the three studies (14, 58, 69). However, the §
one polyp study (114) suggests that the GSTM 7 geno- |

type may modify the association between smoking and
disease.

Lin et al. (114) report the effect of cigarelte smoking |
and GSTMI on adenoma risk. With a reference group f
of subjects who were never smokers and were GSTM]
positive, significantly increased adenoma risk was :
seen bath in current smokers who were GSTMJ posi- ¢
tive (RR = 1.7, 95 percent CI: 1.0, 2.9) and in current |
smokers who were GSTM! null (RR = 2.1, 95 percent |
CIL 1.1, 3.8). When this analysis was restricted to ade- |

nomas greater than | c¢m in size, the RRs were 1.3 (95
percent CI: 0.6, 2.9) and 2.5 (95 percent CI: 1.1, 5.5).

Katoh et al, (14) reported that GSTM] did not influ-
ence risk differently in subjects classified by smoking
status (smoker or nonsmoker) or extent of tobacco
exposure (pack-years).

Gertig et al. (58) investigated the joint effect of
GSTMI and cigarette smoking status at entry into the
Physicians’ Health Study on subsequent risk of colo-
rectal cancer. The RR associated with the GSTMJ null
genotype was 1.1 (95 percent CI: 0.6, 2.1) in never
smokers, 1.0 (95 percent CI: 0.6, 1.6) in past smokers,

and 1.2 (95 percent CI: 0.3, 4.2) in current smokers, |

There was no significant interaction between pack-
years of smoking at baseline and GSTM/ genotype.

In the study of Siattery et al. (69), those who smoked
mote than one pack per day were at approximately 40
percent increased risk of colon cancer. No interaction
was observed in either men or women between
GSTM1 genotype and any of the followin g categories
of tobacco exposure: smoking status, usual number of
cigarettes smoked per day, pack-years of cigarettes
sinoked, age started smoking cigarettes, and years
since stopping smoking cigarettes.

GSTT1 and smoking

Katoh et al. {14) reported that smoking had no effect
on the risk associated with GSTT7 genotypes.
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Gertig et al. (58) reported RRs of colorectal cancer
associated with the GSTTT null genotype of 0.8 (95
percent CI: 0.4, 1.8) in those who were never smokers
at the time of enrollment, 0.5 (95 percent CI: 0.3, 1LY
in past smokers, and 1.1 (95 percent CI: 0.3, 4.7} in
current smokers. There was no interaction between
pack-years of smoking and GSTT! genotype.

GSTMT and meat intake

In the study by Gertig et al. (58), men who were
homozygous for GSTM! null who consumed more
than one serving of red meat per day were at sli ghtly
lower risk compared with men who were not homo-
zygous for GSTM/ null whe consumed less than 0.5
servings per day (RR = 0.8, 95 percent CI: 0.4, 2.0).

Kampmann et al. (104) reported associations
between GSTMI genotype and various measures of
meat consumption in the subjects investigated by
Slattery et al. (69). There was no evidence that GSTM/
genotype modified the relative risks associated with
amount of 1) red meat, 2) processed meat, or 3) poul-
try consumed; 4) frequency of fried, broiled, baked, or
barbecued red meat; 5) preferred “doneness” of red
meat; 6) frequency of use of red meat drippings; 7) fre-
quency of use of white meat drippings; or 8) red meat
mutagen index. GSTM! genotype modified risks asso-
ciated with frequency of consumption of fried, broiled,
baked, or barbecued white meat; white meat mutagen
index; and total meat mutagen index. Unexpectedly,
the strongest positive associations were observed
among those who were GSTMT positive.

GSTT1 and meat intake

In the Physicians’ Health Study (58), men who were
GSTT! null homozygous and who consumed moare
than one serving of red meat daily had a lower risk
compared with men who were GSTT! nonnull and
who consumed less than 0.5 servings daily (RR = 0.4,
OS5 percent CI: 0.1, 1.4).

GSTM1 and isothiocyanates

Lin et al, (5) postulated that a cancer prevenlive
effect of broccoli would be stonger in GSTM! null
individuals and investigated this in the subjects studied
earlier by Lin et al. (114). Compared with subjects in
the lowest quartile of broccoli intake who were GSTM/
null, those in the highest intake quartile who were null
had an RR of .36 (95 percent CI: 0.19, 0.68), and those
in the highest intake quartile who were GSTM/ positive
had an RR of 0.74 (95 percent CL: 0,40, 0.99): this
in(eraction was statistically significant (p = 0.01).
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GSTM1, GSTTI, and other genes

In the Physicians’ Health Study (58), there was no
increased risk of colorectal cancer in men who were
homozygous null for both GSTMI and GSTT! com-
pared with those who were homozygous positive for
both GSTM! and GSTT1, By contrast, Lee et al, (23)
reported that 35 percent of cases with right-side tumors
were GSTM 1 null and GSTT! positive compared with
22 percent of the control series.

Slattery et al. (69) considered the possibility of an
interaction between GSTM/ and N-acetyltransferase 2
(NAT2) genotypes. There was a suggestion that women
with the combined NAT2 intermediate/rapid and
GSTMI-positive genotypes were at increased risk
compared with those with NAT2 slow/GSTM I-positive
genotypes (unadjusted RR = 1.5, 95 percent CI; 1.11,
2.05). This was restricted to women older than age 67
years who had proximal tumors. However, the associ-
ation was weaker and was not statistically stgnificant
in men (unadjusted RR = 1.2, 95 percent CI: (.89,
1.51). There was no strong evidence of any interaction
between NAT2, GSTMI, and smoking in either men or
woinen,

LABORATORY TESTS

For classification of an individual as GSTM{ null or
nonnull (or GSTT! null or nonnull), the genotyping
procedure detects either the absence or the presence of
the GSTM! (or the GSTT) gene. Therefore, after the
gene has been amplified by polymerase chain reaction
methodology, the product need only be visualized.
This method cannot, however, distinguish between the
GSTMI*A and GSTM1*B alleles. For this, a restriction
digest must be undertaken, This cleaves the DNA into
fragments of characteristic sizes, and the different
combinations of these fragments correspond to spe-
cific alleles,

To ensure that a polymerase chain reaction occurred,
a number of quality control procedures should under-
taken. Additional “control” primers should be added.
These amplify another region of DNA (one that is
thought never (o be deleted) to confirm that amplifica-
tion has worked in null individuals. Along with the
samples being amplified, a positive and a negative
control should be run. The positive control is a sample
of DNA known to contain the gene (i.e., not null}; both
the band representing the gene in question and the con-
trol band should be visible for the genotyping to be
validated. The negative control allows a check for con-
tamination fo be made; if amplification is seen in this
control, the samples run at the same time should not be
genotyped. In general, the studies present little infor-
mation on the proportion of subjects for whom the
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genotype could be determined or on reproducibility of
genolyping.

Much of the polymerase chain reaction work on
genotyping has used DNA from blood; however, work
involving DNA from mouthwash samples is now being
undertaken (116). This development makes poly-
merase chain reaction methodology even more appro-
priate for researchers undertaking molecular epidemi-
ology studies, since it enables subjects to be genotyped
without the need for invasive sampling.

GSTM1

In two of the nine studies of GSTM/ and colorectal
lesions, no details of the primers used are given (23,
77). Three studies (58, 78, 114) use the same primers
to amplify the GSTM/ gene, although they reference
different papers for these methods (64, 89, 117). The
primer 5-CTGCCCTACTTGATTGATGGG-3' anneals
to the 5° region of exon 4, and the primer 5’-CTG-
GATTGTAGCAGATCATGC-3" anneals to the 3’
region of exon 3. They amplify a 273 base-pair prod-
uct, but use slightly different amplification cycles.
Katoh et al. (14) used the method outlined by Bell
et al. (67). The primers are 5-GAACTCCCT-
GAAAAGCTAAAGC-3 and 5-GTTGGGCT-
CAAATATACGGTGG-3; and they amplify a 215
base-pair product, The amplification cycles are under-
taken at temperatures similar to those in the studies by
Brockméller et al. (89) and Comstock et al. (117), but
the time for each stage of the cycle is considerably
shorter, and there are fewer (otal cycles.

Deakin et al. (49) used the methods of Warwick et al,
(84) and Fryer et al. (118), in which three primers (5-
GCTTCACGTGTTATGAAGGTTC-3, 5’-
TTGGGAAGGCGTCCAAGCGC-3, and  5'-
TTGGGAAGGCGTCCAAGCAG-3') are used to
amplify DNA in intron 6 and exon 7, and a restriction
digest differentiates alleles GSTMI*A and GSTMI1+B
(118). Slattery et al. (69) use the method outlined by
Zhong et al. (54), in which three primers (PJ 5’-CGC-
CATCTTGTGCTACATTGCCCG-3, P2 5'-
ATCTTCTCCTCTTCTGTCTC-3", and P3 §'-
TTCTGGATTGTAGCAGATCA-3") are combined in
a single polymerase chain reaction, Primers P/ and P3
amplify a 230 base-pair product specific to GSTMI:
primers PI and P2 anneal to either GSTM7 or GSTM4
and amplify a 157 base-pair product, thereby acting as
the control primers,

In another two studies, explicit mention is made of
the use of control primers: Chenevix-Trench et al, (78)
used primers for exon 1 of coagulation factor XII1, and
Katoh et al: (14) used primers for B-globin. In the
methodology of Warwick et al. (84), used by Deakin et
al. (49), B-globin is again used as the control primer. In

two studies (14, 58), the use of positive and negative
controls samples is reported.

GSTT1

In two of the six siudies (23, 77), no details on the
methods used are given. In the other four (14, 49, 53,
78), the genotyping methods outlined by Pembile et al,
{91) were used. The primers used for amplification in
this method are TTCCTTACTGGTCCTCACATCTC
and TCACCGGATCATGGCCAGCA. In two studies,
the use of control primers is described: Chenevix-
Trench et al. (78) used primers for glutathione $-
transferase P7, and Katoh et al. (14) used primers for
f-globin. In two studies (14, 58), the use of positive
and negative controls samples is mentioned.

POPULATION TESTING

To date, there is insufficient evidence implicating
either GSTMI or GSTT1 in the etiology of colorectal
neoplasms to make population testing an issue.
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APPENDIX.

Internet sites of interest

Data on digease frequency
IARG#- Cancer Mondial
SEER*

|nformation on cancer
Cancer Research Gampaign

Amarican Assoclation of
Cancer Research

National Gancer Institute

International Union against
Cancer

Genetic information
CDG* Office of Genetics and
Disease Prevention—
medical literature search

Public Health Genstics Unit

Human Gene Mutation

Database

OMIM=*

GenAllas

UniGene

GenaCards

Links to chromosome-specific
databases and other sites

hitp:/iwww-dep.iarc.fr/
hitp:/fwww-seer.ims.nci.nih.gov/

hitp:/Awww.cre.org.uldhomepage.himi

hitp:/Awww.cro.org.ukicancer/cancer_intra.html (URL specific to bowsl
cancer)

hitp:ffwwaw. aacr.org/

hitp:/fwww.aacr.org/5000/5000.html (URL specific to bowel cancer)

hitp:/lcancernat.ncl.nih.gov/

hitp:/fanww, Lice.ch/

htp:/www.cde.gov/genetics/Madical.him

hitp:fwww. medinfo.cam.ac.ukiphgu/

hittpfAwww. uwern.ac. ukiuwem/mgihgmd0.himil

hittp:flaww, uwem.ac.ukiuwem/mg/search/120020.htmi (URL specific to
GSTMT)

hittp ffwww, uwem.ac. ukfuwem/mg/search/371704himl (URL specific to
GsTT )

hitp:fwww.ncbi.nim.nih.gov/Omim/

hitp:fwww.nebi.nlm.nih.govihtbin-postOmim/dispmim? 1383604 TEXT
{URL speciflc to GSTM1)

hittp:fwww.nebi.nlm.nih.gov/hthin-pest/Omim/dispmim?600436 (URL
specific to GSTTT)

hitp:ffbisance.citi2. IFGENATLAS/

Mtpyfisance.citi2. fricgi-binfdetgenTNUMDOS=30579 (URL specific
to GSTMT)

hitp:ffbisance.citi2. frfcgi-bin/datgen?NUMDOS=16041 (URL. specific
to GSTT)

hitpz/Awww.ncbl.nim.nib.gov/Schuler/UniGena/

hittp:/Awww.nebi.rim. nih.gov/UniGene/clust.cgi?ORG=Hs&CID=154159
{URL speacific to GSTM1)

hitp:/fwww.ncbl.nim.nih.gov/UniGene/clust.cgi?ORG=Hs&CID=77480
{URL spacific to GSTTT)

hitp:/fbicinfo.weizmann.ac.itfcards!
Mtp:ffhloinfo.weizmann ac.iMeards-binfearddisp?GSTM18search=gstm
1&suff=txt {URL specific to GSTMT)
hitp:/bicinfo.welzmann.ac.ilicards-bin/carddisp?GSTT 1&search=
gsth &suff=txt (URL specific to GSTTT)

http:ficedar.ganetics.soton.ac.uk/public_htm¥links.him!

* ARG, International Agency for Research on Cancer; SEER Program, Survelllance, Epidemiology,
and End Results Program; CDC, Centers for Disease Control and Prevention; OMIM, Online Mendelian

Inheritance in Man.
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